Introduction
The most important direction in the development of mining industry is to improve the efficiency of extraction and processing of mineral resources [1] .
There are different techniques to improve the efficiency of extraction and processing of minerals: changing the enrichment technology, applying modern automated control systems, improving the accuracy of control over technological parameters. One of the techniques to improve performance efficiency is operational control over the content of a mineral component in the mountain rock.
Lack of operational quality control leads to losses of ores and clogging of the blasted rock mass at the stage of iron ore extraction, as well as to fluctuations in the parameters of technological process at the stage of ore processing, and, as a consequence, to fluctuations in the quality of the concentrate.
Operational control over the iron content in the mountain mass makes it possible to improve the efficiency of the production process through the implementation of a possibility to timely adjust the parameters of technological process of extraction and processing of iron ore.
Thus, improving the accuracy of determining the content of a mineral component in iron ore under conditions of quarries and ore-enrichment plants is a relevant scientific challenge.
Literature review and problem statement
Existing methods of operative control over the content of a mineral component in iron ore can be divided into three types: nuclear-physical, based on the interaction between gamma radiation and the irradiated mountain mass; magnetometric, using a change in the relative magnetic permea-Основним завданням гiрничодобувної промисловостi є пiдви-щення ефективностi видобутку i переробки залiзорудної сиро-вини. Одним з основних факторiв, якi сприяють вирiшенню завдання, є визначення вмiсту залiза в рудному тiлi на почат-ковому етапi технологiчного ланцюжка. Широко застосовуванi в даний час для досягнення мети традицiйнi методи хiмiчного аналiзу не є достатньо оперативними i потребують близько двох годин для отримання результатiв. Як правило, це не доз-воляє належним чином коригувати параметри технологiчного процесу переробки руди, а лише дає можливiсть констатувати стан виробничого процесу на момент вiдбору проби.
Iснуючi методи вирiшення цього завдання, що є достатньо оперативними, базуються на використаннi прямих методiв. Це ядернофiзичний (взаємодiя гамма-випромiнювання з гiр-ничою масою), магнiтометричний (змiна вiдносної магнiтної проникностi при взаємодiї з магнiтним залiзом), ультразвуко-вий (змiна поширення ультразвукових хвиль у дослiджувано-му матерiалi) методи.
З метою пiдвищення точностi визначення процентного вмiсту корисного компонента в дослiджуванiй гiрськiй масi, в роботi вдосконалено ядернофiзичний метод визначення вмiсту залiза загального в кусковий рудi. Удосконалення методу доз-воляє пiдвищити точнiсть контролю вмiсту корисного ком-понента в дослiджуваному матерiалi на 1,5 % за рахунок реєстрацiї не тiльки вiдбитих вiд поверхнi гамма-квантiв, а й поглинених часток. Експериментально встановлено рiвень чутливостi (К=1,32-1,38), що характеризує змiну iнтенсив-ностi зареєстрованого випромiнювання вiд змiни вмiсту залi-за в матерiалi, що опромiнюється. Також встановлено рiвень статистичної похибки (<0,65 %) для забезпечення допусти-мої точностi вимiрювань.
На основi даного методу запропонована iнформацiйно-вимi-рювальна система для здiйснення монiторингу, аналiзу та прогнозування якiсних характеристик руди в умовах рудозба-гачувальної фабрики. Використання даної системи дозволяє технологiчному персоналу оперативно втручатися у виробни-чий процес i коригувати якiсно-кiлькiснi параметри руди bility when interacting with magnetic iron; and ultrasonic, based on changing the ultrasonic wave propagation in the examined material.
Paper [2] considers a mathematical model for determining the content of iron in ore using the intensity of the scattered gamma quanta. However, the paper contains no information on the accuracy of the method used. Papers [3, 4] modeled the processes of collimation of the gamma radiation receiver for a portable NaJ(Tl) detector system. These papers report the results of research into dependence of the number of reflected gamma quanta on thickness of the layer of the irradiated material. In [3] , authors consider only the Compton scattering of particles, while paper [4] proposes the use of high-energy gamma radiation sources whose application is difficult in order to control the content of iron in the ore material. Article [5] considered the operational quality control of mineral raw materials in pulp products but failed to consider controlling the content of iron in solid media. Paper [6] describes parameters of the scintillation sensors for registration of scattered gamma quanta, however, there is no information on the accuracy of particle registration. Studies [7, 8] describe methods to control the quality of raw materials at a conveyor belt, which makes their application impossible during open cast mining. In general, the papers consider the application of the Compton gamma scattering only, excluding a photoelectric effect.
Magnetometric methods are described in [9] based on the analysis of factors influencing the accuracy of determining magnetite in the ore material; the authors describe possible ways to eliminate errors of measurements; paper [10] analyzed work of the sensor, taking into consideration the perturbing factors influencing the measurement accuracy; the authors derived dependences of the sensor readings on the results of chemical analysis of iron content in ore. However, these methods do not make it possible to determine the content of general iron in the ore material. In article [11] , authors proposed a technique to control the content of magnetic iron in the crushed ore based on the pondermotive measuring method, which implies the implementation of a given method in liquid media only (pulp products). Paper [12] examined control over the content of magnetite in the lumpy ore at a conveyor belt; however, there are no data on the experimental verification of the described principles. Publication [13] reports results of studying the autogenerating method of control over the content of magnetic iron in dressing products. The paper lacks information on errors in the proposed method. In addition, the use of several magnetic characteristics (magnetic permeability, coercive force, and others) is considered in [14, 15] ; however, the authors did not describe their application in order to analyze a mineral component in iron ore. Paper [16] describes a method for determining the content of a ferromagnetic component in the flow of iron ore slurry. However, it is not readily applicable for determining the iron content in a solid medium.
Ultrasonic test methods that are based on measuring the processes of ultrasonic volumetric and surface waves propagation, as well as high-energy ultrasound in liquid and solid media, have been widely used in mining. Papers [17, 18] propose the use of dynamic effects of high-energy ultrasound for detecting mineralogical varieties of iron ore during its processing. That does not make it possible to achieve the required accuracy in determining the mineral component in iron ores. Articles [19, 20] describe the principles of ultrasonic control of the ore materials' characteristics; however, the authors give no information on the practical application of these principles under industrial conditions. Papers [21, 22] considered the ultrasonic control methods, based on the measurements of processes of ultrasonic volumetric and surface waves propagation, as well as high-energy ultrasound in liquid and solid media. These methods are rather critical in terms of the granulometric composition of the investigated medium, which is why it is impossible to use them in order to control quality of lumpy ore. Studies [23, 24] considered models of ultrasound propagation in a cavitating fluid, which is unacceptable for solid media.
Paper [25] describes the application of the Mössbauer spectrometry method for examining the composition of ferromanganese ores. Applied research into this method is considered in [26] . However, the Mössbauer spectrometry method does not demonstrate the required level of efficiency and requires the use of expensive equipment.
There is a known technique [27] that implies carrying out an ore analysis using the energy dispersed X-ray spectroscopy method. The method implies that under the influence of X-rays atoms of the examined sample are excited thereby emitting an x-ray emission characteristic for each chemical element. The energy spectrum of this radiation characterizes the qualitative and quantitative composition of the sample and makes it possible to determine the content of iron and impurities in the starting ore.
This system is an analyzer that consists of several mechanical, pneumatic, and electronic devices, integrated into a single system, placed in the container. The device performs the pneumatic sampling, pneumatic transmission, it grinds the sample and analyzes it using the energy dispersed X-ray spectroscopy, and makes it possible to remotely monitor the fluctuations in quality of starting ore and to change the frequency of sampling. However, this technique is a complex, cumbersome and costly system, which hinders its implementation in open and underground mining.
At present, particular attention is paid to those control methods that improve the efficiency of the production process [28] and its reliability [29] . Paper [18] considered a technique to determine the iron-rich ore pieces using fuzzy clustering; article [30] proposed, based on a given method, a device to control the size of ore at a conveyor belt of an ore-enrichment plants, as well as rapid recognition of its mineral-technological varieties. A given method is not possible to use when conducting the logging of blast holes. Logging is described in paper [31] ; however, there is no information about the errors of determining the iron content in wells. Studies [32 33 ] considered the process of determining the content of a mineral component in raw materials at a conveyor belt, but there are no data on the application of these methods in the analysis of iron ore.
Thus, we can conclude that the nuclear-physical method of control over the content of iron in an ore material, based on the registration of scattered gamma quanta, is one of the most promising, although it has insufficient accuracy. In this regard, the development of the method and improving its accuracy is an important and relevant scientific challenge.
The aim and objectives of the study
The aim of this study is to improve the nuclear-physical method of control over the content of a mineral component in ore mass in order to enhance its accuracy.
To accomplish the aim, the following tasks have been set: -to determine the dependence of intensity of the scattered, absorbed and integral gamma radiation on the content of a mineral component in iron ore;
-to establish the level of sensitivity that characterizes a change in the intensity of the registered radiation on a change in the content of iron in the irradiated ore;
-to determine a value for the statistical error in order to provide for the permissible measurement accuracy;
-to construct a method of the nuclear-physical control that would reduce an error in determining the content of a mineral component in iron ore;
-to design, based on the proposed method, an automated information-measuring system, which would enable the collection and representation of information from all sections of mining production at a central server, for continuous monitoring, analysis and prediction of qualitative characteristics of ore.
Research methods and materials
Our research has established that the methods that control the useful component using the scattered gamma radiation (Compton scattering) do not possess the required level of accuracy.
Generalization of known approaches reveals that the existing method is based on processing the data on the reflected signal (Fig. 1) .
When applying such an approach, the gamma quanta with initial energy E 0 are emitted by gamma radiation source 5 and penetrate mountain mass 1. Part of gamma quanta is reflected from the surface of the rock mass and is dispersed at a certain angle, depending on the source of gamma radiation used. When a gamma-quantum interacts with matter, part of its energy is absorbed and this quantum leaves the absorber with the energy that is less by the magnitude of the absorbed energy (Е abs ). The scattered gamma-quanta are registered by monocrystal NaJ 3, turning into light energy. The brightness and duration of the flash depends on the energy of a gamma-quantum. Using detector 4, flashes turn into electrical pulses whose quantity is determined by a counting device. Applying the preliminary established dependences based on the number of registered pulses, one determines the content of iron in the mountain mass.
However, because the size of the sesnor's monocrystal is much less than the irradiated area of a material, then the number of scattered gamma quanta, registered by the sensor, is approximately 10-15 % of the flow of the scattered gamma radiation (Fig. 2) . This predetermines a significant number of unregistered scattered particles that leads to errors in determining the content of a mineral component in the irradiated material. Increasing the area of a monocrystal is economically inexpedient, and it makes the installation cumbersome and complicates its operation.
Therefore, in order to improve accuracy of the method described, we accept a hypothesis about the appropriateness of taking into account not the Compton scattering of gamma-quanta (Е scatt ) only, but also the particles, absorbed by matter (photo-effect, Е abs ), and the gamma quanta that passed through a layer of matter (Е passed ).
According to the law of energy preservation, energy of the scattered gamma quanta can be derived from Е scatt =Е 0 -(Е abs +Е passed ) .
(
Energy value of primary gamma quanta Е 0 , emitted by the source, is determined experimentally: a particle source is set opposite the detector to register the power of radiation per unit of time.
In turn, the power of the registered scattered gamma radiation depends on absorption coefficient μ, which varies depending on the content of a mineral component in ore (Fe), as well as on the monocrystal's coverage of particle scattering angle ξ:
where
The intensity of the gamma quanta, registered by the detector, obeys the law of Lambert-Bouguer-Beer and is described equation (2) . ( 4 ) where N 0 is the primary number of γ-quanta, falling on the sample, µ m is the mass attenuation coefficient. Magnitude µ 1/ m characterizes the penetration depth of γ-quantum, ρ is the surface density, g/cm 3 , x is the thickness of the absorber cm.
Thus, the essence of the proposed method is as follows: 1. Mountain mass is irradiated with the source of gamma quanta. One registers the particles that are scattered by rock and which passed through a layer of the material, and one determines the number of gamma quanta that were absorbed by matter.
3. The content of a useful component is calculated based on the power of gamma quanta, registered as a result of the Compton scattering and a photo-effect as a function of the ratio of the scattered gamma quanta to those absorbed.
The experimental setup is shown in Fig. 4 . It consists of gamma-ray source 2 based on the isotope Am-241 with a radiation energy of 60 KeV, which ensures the required sensitivity to a change in the mass fraction of a mineral component in the mountain mass; detectors of the scattered 4 and passed 5 gamma-radiation; computing block 6 that calculates the number of absorbed gamma quanta. The content of iron in ore is calculated depending on the ratio of intensity of the scattered and absorbed gamma radiation. Measurement results are shown on a digital display of the device.
The research results have shown that when using a low-energy radiation source Am-241 the magnitude N passed could be neglected, because at the absorber's thickness exceeding 40 mm and for the ore with a density of ≥ 2 g/cm 3 a gamma quantum is completely absorbed in the ore. Therefore, equation (1) can be written in the following form
The experimentally derived dependences of intensity of the scattered, absorbed, and integral gamma radiation, on the content of a mineral component are shown in Fig. 3 .
The derived patterns describe the Lambert-Bouguer-Beer law and demonstrate that an increase in the iron content in ore leads to an increase in the contribution of the absorbed radiation intensity (Fig. 4) , which results in the improved accuracy of quality control.
The analytical expression for the integral flux of gamma radiation has been derived: N=2·10 -3 Fe 3 +0.0152Fe 2 -1.836Fe+48.1 (6) with the approximation reliability R 2 =0.98.
In the course of our study, we assessed an error of the proposed method. In determining the magnitude of an error, we focused on the sensitivity values K, which is derived from
and also
where Dq is the range of change in the iron content, %; DN is the range of change in intensity when the content changes by Dq, pulses/s; N is the mean value of intensity in the range DN, pulses/s. The study that we conducted has shown that sensitivity К 2 =1.32-1.38. In other words, a change in the content of iron by 1 % leads to a change in the intensity of radiation by approximately 1.3 %.
Therefore, in order to achieve a 0.5 % accuracy of operational control over ore quality, it is necessary to ensure the conditions for intensity measurement with an error ≤±0.65 %, or the standard deviation must not exceed ±0.2 % (»1/3 of the permissible error).
Thus, the proposed improvement to a nuclear-physical method implies determining the content of a mineral component in the ore material with respect to the Compton scattering and a photo-effect. Compared with the method based on registration of the scattered gamma particles only, the proposed technique makes it possible to improve the accuracy of determining the content of iron by 1.5 %.
Discussion of results of designing and applying the hardware tools for operative quality control of ore
Based on the improved method to control the content of iron in ore, we propose a comprehensive information-measuring system for operative control over the quality and weight of sinter ore at the conveyor with the following parameters:
-the range of content Fe common -0-70 %, Fe magn -0-45 %; -the minimum, maximum thickness of a rock mass layer at a conveyor belt -30-300 mm;
-the grain size class of sinter ore is 0-2 mm; -the speed of a conveyor belt is 1 m/s; -ore moisture content is not higher than 7 %. The functional diagram of a multi-channel information-measuring system is shown in Fig. 4 where the central Fig. 3 . General functional diagram of interaction between gamma radiation and matter: 1 -mountain rock; 2 -source of gamma-radiation; 3 -protective container; 4 -registration sensor of scattered gamma radiation; 5 -registration sensor of passed gamma-radiation; 6 -computational unit of iron content in ore Fig. 4 . Dependence of intensity of the scattered, absorbed, and integral gamma radiation, on the content of a mineral component: 1 -scattered, 2 -absorbed, 3 -integral gamma radiation server is a dedicated computer with the installed server software, connected to a Modbus network and the enterprise network TCP/IP. In addition, the central server hosts a database; a Modbus network is the network that is used to transfer information between physical devices within the system and the central server; the physical device is a device connected to the Modbus network, it provides for a certain functionality. The system employs the following types of devices: -a magnetic susceptibility sensor, intended for measurement of magnetic iron at a conveyor belt;
-sensors for registration of gamma-quanta, designed for determining the content of total iron in a flow of ore at a conveyor belt;
-conveyor scales of various modifications, intended to measure the current weight of rock mass at a conveyor belt;
-information display, designed to indicate measurement results;
-point of control -a set of physical devices to measure and display information about the content of magnetic iron in a flow of ore at a conveyor belt.
The control point includes a scattered gamma radiation sensor, a sensor of magnetic susceptibility, conveyor scales, information display.
The server software is a program that runs on the central server, it is designed to collect information from devices within a ModBus network, to calculate the content of total iron and magnetic iron and store measurement results in a database. The client software is a program installed on a computer that is connected over a TCP/IP network to the central server, intended for downloading information of the server software module, for generating, display and printing of tabular and graphical reports on the results of measurements.
The ultimate result of the system's operation is to determine the content of iron in the rock mass flow at a conveyor belt.
The use of a given system is described in the composition of APCS over the process of ore preparation for enrichment [34] .
The benefits of this study are as follows: -the improved nuclear-physical method to control the content of a mineral component in ore makes it possible to improve the accuracy of measurements by 1.5 %, which provides an opportunity to reduce fluctuations in the iron content in the resulting product at an enrichment plant -the concentrate;
-we have developed an information-measuring system that enables the collection, analysis, and visualization of qualitative-quantitative characteristics of ore mass in real time, which makes it possible to operatively manage the enrichment technology, to improve the informational value of the production process, and stabilize the quality of iron ore concentrate. This is possible due to the fact that the system provides control over the content of both magnetic and total iron using the improved nuclear-physical method that makes it possible to enhance the accuracy of determining a mineral component.
When a large-scale application of the proposed system is executed, the following restrictions might be imposed:
1. Insufficient quantity of operational tools to control quality of minerals.
2. The lack of the feedback system "control point -transmission of obtained results -rapid decision making".
3. Lack of trained personnel. 4. The absence of tools and the concept of quality control over mineral resources at an enterprise.
5. The lack of a local and a global network in the system of operational control over quality and management of mineral resources.
Conclusions
1. We have derived dependences for determining the content of a mass fraction of total iron (Fig. 4) . It was established that increasing the content of a mineral component in iron ore decreases the number of scattered gamma quanta, starting at Fe>30 %, while the number of the absorbed particles increases. 2. We have experimentally established the sensitivity level (K=1.32-1.38), which characterizes a change in the intensity of registered radiation due to a change in the content of iron in the irradiated material; 3. We have determined the level of a statistical error (<0.65 %) in order to ensure the permissible measurement accuracy when using the nuclear-physical method taking into consideration the absorbed gamma quanta;
4. The nuclear-physical method has been developed for determining the content of total iron in iron ore, taking into account the Compton scattering of gamma-particles and a photo-effect, based on the Lambert-Bouguer-Beer formula. The developed method makes it possible to reduce a statistical error in determining the content of a mineral component in iron ore by 1.5 per cent;
5. Based on the improved nuclear-physical method, we have proposed an information-measuring system that collects and displays information from all sections of mining production at a central server. The proposed system provides for determining both the magnetic and total iron System's control point at conveyor Fig. 5 . Functional diagram of a multi-channel information-measuring system using the proposed method to control total iron, which makes it possible to improve the accuracy of determining a mineral component and to reduce fluctuations in quality of the concentrate. The existence of a continuous monitoring, analysis, and forecasting of the qualitative characteristics of ore makes it possible for technological personnel to operatively intervene in the production process and to adjust the qualitative-quantitative parameters of ore.
